Abstract. The recent growth rate and stable isotope composition of larval pilchards, (Sardinops sagax, 6-29 mm standard length), captured in surface and near-surface waters, were examined in coastal upwelling and non-upwelling regions of the EastAustralian Current over two cruises during the austral summer of 1998/1999. Compared to the nonupwelled regions, larvae were larger in the upwelling regions, and yet the back-calculated recent growth over 2 days before capture was significantly less on both cruises. This surprising result is consistent with slower larval growth of this species near coastal Japan and California, where strong year classes may form in offshore waters. δ 15 N ratios were significantly correlated with larval length, indicating ontogeny in their diet. In November, slower growers in upwelled waters were enriched in δ 15 N and depleted in δ 13 C, consistent with expected ratios from diets derived from deeper water. The pilchard's early life history off eastern Australia is proposed and compared with that off eastern Japan.
Introduction
Year class strengths of planktivores such as herring, pilchard or anchovy are frequently stimulated by coastal upwelling during the spawning season, in association with favourable winds (Cury and Roy 1989; Ware and Thomson 1991) . The actual process that enhances recruitment is unclear, and can vary non-linearly with the strength of winds (Cury and Roy 1989) and with the locality. Response to upwelling is seasonspecific for sardine (Sardina pilchardus) and horse mackerel (Trachurus trachurus) off Portugal, having a negative influence during winter spawning, but positive influence during the spring-summer juvenile phase (Santos et al. 2001) . It would appear the response to nutrient supply is species-and location-specific.
The Pacific sardine, or pilchard Sardinops sagax is a cosmopolitan species with important fisheries in Australia, Japan, South Africa, Chile and California. As a consequence, their larval ecology has been studied and their growth rates in particular, well researched (overview in Gaughan et al. 2001) . Pilchards were not appreciated as being abundant off eastern Australia, until widespread deaths of pilchards were observed in 1995 and again in 1998 (Griffin et al. 1997; Gaughan et al. 2001) . Pilchards are important for the coastal ecosystem, as the effects of this die-off were severe for local marine birds (Bunce and Norman 2000; Dann et al. 2000) , and for the west coast fishery. Nevertheless, our knowledge of the pilchard on the east coast is very limited, but as the genus is now considered to be monospecific (Grant et al. 1998) , there are useful parallels with Sardinops studies off Western Australia (Gaughan et al. 2001) , California (Logerwell and Smith 2001) , and Japan (Watanabe and Kuroki 1997) .
The slower growth parameters of Western Australia larval and adult pilchard were argued to be the result of nutrient limitation in the characteristically oligotrophic waters, compared with elsewhere in the world (Gaughan et al. 2001) . If growth is actually limited by nutrient availability, then the source of the assimilated nutrients supporting either faster or slower larval growth could be identified by their stable isotope composition. Stable isotope analysis (SIA) of carbon and nitrogen (δ 13 C and δ 15 N) in the tissues of planktivorous fish has proved useful in identifying the contribution of upwelled nutrients, which have distinctive stable isotope signatures . Stable isotope analysis has the advantage of indicating the C and N that is actually assimilated compared to traditional gut content analyses. The proportion of the rarer, heavier, stable isotope is assessed by comparison to an international standard, and expressed as parts per thousand (‰).
There are very few studies of stable isotopes and larval fish, partly because of the amount of tissue necessary (0.5-1 mg dry weight, equivalent to nearly 10 individual larvae). The stable isotope composition of larval fish varies with size, from hatch (containing the maternal contribution) to transformation when the diets may suddenly change (Lindsay et al. 1998; Vander Zanden et al. 1998) . Similar changes in composition are observed at settlement to seagrass beds in juvenile red drum (Herzka and Holt 2000; Herzka et al. 2001) . The SIA of larvae reveals rapid changes, over 2-3 days at 18 • C as a result of both tissue turnover and particularly to growth (Bosley et al. 2002) . The change in stable isotope composition of fish larvae thus approximates the time scale of response of daily growth from otolith microstructure. The recent daily growth increments of the otolith provide a robust method of assessing the response of growth rate to a variety of local environmental conditions (summarised in Suthers 1998). In particular, the daily growth increments of pilchards are amenable to this analysis, and larval Atlantic menhaden were found to respond to a stress factor within 2 days (Maillet and Checkley 1990) . The relationship between larval growth and stable isotope composition was first documented for a larval gadoid (Macruronus novaezelandiae, Thresher et al. 1989 Thresher et al. , 1992 . Small larvae retained near the spawning area off western Tasmania had faster growth compared with similarly small larvae that were advected south (Thresher et al. 1989) . The faster growing larvae near the spawning area had a distinctively depleted δ 13 C composition from their tintinnid diet, which was derived from the offshore advection of terrestrially depleted seagrass detritus (Thresher et al. 1992) . No other study has simultaneously compared larval growth rates and the stable isotope composition.
The East Australian Current (EAC) transports clear oligotrophic waters from the Coral Sea poleward, but can stimulate a variety of upwellings at the separation point off northern New South Wales (NSW), where it forms the Tasman Front. There should be dramatic influence on larval growth and their composition, but no study has made the simultaneous comparison of growth rates and stable isotope composition. Therefore, our first aim was to test if recent otolith growth (ROG) of larval pilchards was significantly different between pre-upwelled conditions of the EAC and topographically induced upwelling conditions. Our second aim was to compare the larval ROG with the corresponding stable isotope composition, to determine if the source of C and N between faster and slower growing larval pilchards was different. We compare our findings with other larval pilchard studies to infer the early life history of pilchards off eastern Australia.
Materials and methods

Study area
The continental shelf bounded by the 200 m isobath off northern NSW, narrows from 33 km wide off the town of Urunga (referred to herein as Region 1), to just 16 km wide off Smoky Cape (Region 2), in a distance of 43 km. Smoky Cape is located approximately 430 km north of Sydney (Fig. 1) . In response, the poleward EAC accelerates through this region, forcing deep water up into near-surface coastal regions, 100 km south of Smoky Cape at Diamond Head (Region 4) and Cape Hawke (Region 5, Cresswell 1994; Roughan and Middleton 2002) . Here, the continental shelf extends to 22 km wide at Point Plomer (Region 3), to 32 km wide at Diamond Head (Region 4) and 47 km wide off Cape Hawke (Region 5, Fig. 1 ). While the currents offshore of 100 m were >1 m s −1 , at the 50 m station where we collected larvae, currents were usually south and <0.3 m s −1 , such that the distance between Regions 1 and 4 (120 km) was greater than any drift distance during our 2-day growth back-calculation (Fig. 1) . Upwelling in the region has been well studied (Cresswell 1994; Middleton 2000, 2001; Roughan and Middleton 2002) , and has a significant effect on phytoplankton and algal blooms (Dela Cruz et al. 2002 .
Plankton sampling and design
Two summer cruises by the Research Vessel Franklin were undertaken in November 1998 and January 1999, taking replicated samples near the 50 m isobath off Regions 1, 3, and 4 in late November 1998, and off Regions 1, 2, 3, 4, and 5 in January 1999 (Fig. 1) . Sampling was also conducted at the 100 m isobath (Syahailatua 2004 ), but few pilchard larvae were caught at the 100 m station in January and were not further analysed. Larval fish were collected at night by simultaneous tows with a neuston net (75 × 75 cm, 500 µm mesh) and a subsurface opening and closing net ('EZNET', 1 m 2 mouth opening, 500 µm mesh) at 10-20 m from the surface at the 50 m station. The EZNET was also deployed over deeper depth strata but few pilchard larvae were obtained in these and were not further analysed. All nets had a flow meter to calculate volume filtered. Larvae from the two gear types were combined for the present study to attain sample size. Replicated tows were conducted with the neuston net and in part with the multiple opening and closing net and were combined for each night at each region (Table 1) . Larvae were compared from Regions 1 to 3 (pre-upwelled waters of the EAC) with those from the topographically induced upwelled waters (Regions 4 and 5). Similar events were observed on both cruises.
During the cruise, a calibrated thermosalinograph and a calibrated fluorometer operated continuously. At each station a depth profile was made using a Neil-Brown conductivity-temperature-depth meter. Inside the surface and subsurface nets, a 20 cm diameter 100 µm mesh net was mounted, to obtain microzooplankton abundance.
Plankton samples were immediately preserved in 5% buffered formalin (to preserve the otoliths, samples were buffered using sodium carbonate which caused some bleaching of the melanophore pattern after 2-3 months). Back at the laboratory the larvae were sorted out from the plankton, using the identification key of Neira et al. (1998) , and larvae were stored in 95% ethanol until otolith analysis. Too few larvae were sampled in January at Regions 2 and 3 for otolith analysis. All larvae were measured for standard length (SL, up to a maximum of 100 larvae per sample, Table 1 ), using image analysis. The microzooplankton samples were gently rinsed with seawater through a 90 µm mesh sieve and concentrated to 0.1 L, and zooplankton counts were made on two replicate subsamples and converted to numbers L −1 .
Otolith analyses
Between eight and 10 larvae per sample were selected for otolith analyses (in proportion to the size range, Table 1 ). Using a dissecting microscope and polarised light we removed both sagittae and mounted them onto separate glass slides with nail polish. The otolith radii and increment width series along the longest axis were measured using a compound microscope (64 × oil immersion lens) and by image analysis.
Daily increment counts of all fish were checked by independent counts from a random, blind-labelled subsample (n = 27) by a second reader. Counts were highly correlated (r = 0.92), with a mean difference of 0.7 (range of differences from −3 to +1). Since the initial daily growth ring is deposited at 2-3 days after hatching (Hayashi et al. 1989) , we added 2 days to the total increment count, to estimate the post hatching age of pilchard larvae. Back-calculation of length at 2, 4, 6 and 8 days pre-capture was calculated using the non-linear method of Watanabe and Kuroki (1997) , which incorporates the biological intercept method (Campana and Jones 1992, Eqn 27) . Daily increment formation in this species was demonstrated by Hayashi et al. (1989) , and was re-examined in the current study by marginal increment formation (see Results). Following the rationale of Watanabe and Kuroki (1997) , we used the preserved length = 5.0 mm at first feeding when daily increments begin to be deposited at age 3 days (Hayashi et al. 1989) . We then calculated the change in length during Days 1 & 2 precapture, Days 3 & 4, Days 5 & 6 and Days 7 & 8. We did not back-calculate to within six increments of the first feeding ring (8 days old), to avoid back-calculation to the size range less than we caught.
We initially used the Campana and Jones (1992, Eqn 27) biological intercept method of back-calculation, as the length-radius (L-R) relationship appeared linear, with minimal improvement in the R 2 statistic for various non-linear fits (power curve, L-ln(R), or ln(L)-ln(R)). However, R 2 is insensitive to departures from linearity in small and large fish, as revealed by inspection of the residuals plot. Watanabe and Kuroki (1997) use a power curve L = a × R b to back-calculate size, incorporating the biological intercept concept, by solving the parameters a and b for each larva for two points in time: at hatch and at capture. Watanabe and Kuroki (1997) set the size at hatch (actually the first feeding check, for pilchard larvae caught in a plankton net and preserved in formalin) at 5 mm, and used each individual's hatch check diameter. Solving for a and b gives:
where L h is the size at hatch (set at 5 mm), R h is the hatch check radius (or in the case of S. sagax is the first feeding check), L c is the length at capture and R c is the otolith radius at capture. Using the individually determined parameters a and b, the length at various radii (ages) could then be back-calculated. Interestingly, an almost identical back-calculation was obtained using the sample level estimates (i.e. not individual level) of the modified Fry equation (Vigliola et al. 2000) . Linear growth models and Laird-Gompertz growth models (only November 1998 data) were fitted to the length on age data. We used the following form of the Laird-Gompertz (Eqn 15, Campana and Jones 1992):
where L ∞ is the asymptotic length, G is the instantaneous rate of growth at age X 0 and X 0 is the inflection point of the curve. LairdGompertz growth functions were fitted iteratively to the length-age data for comparison of parameter values with published reports. The back-calculated recent growth (RG) was compared among regions by ANCOVA and tested with temperature and prey abundance by linear regression. Length-frequency distributions off each region, with each gear type (neuston or EZNET) were compared by a pairwise Kolmogorov Smirnov (KS) test, with an adjusted P-value of significance set at P = 0.01. Larval density (number per 100 m 3 ) and stable isotope L ∞ , Asymptotic length; G, instantaneous rate of growth at age X 0 ; X 0 , is the inflection point (age) of the curve.
ratios were tested for homogeneity by Cochrans test and compared among regions by ANOVA.
Stable isotope analyses
The larval body remaining from the otolith dissection (i.e. less the head) was then freeze-dried to a constant weight cut up into small pieces and approximately 1.5-1.7 mg of the tail musculature was sealed into foil capsules. Stable isotope analysis on each capsule was performed at the CSIRO Land and Water Adelaide Laboratory on an automated nitrogen carbon analysis-mass spectrometer (Sercon Australia Pty Ltd, Adelaide). Capsules were combusted and the reaction products separated by gas chromatography to give pulses of pure CO 2 and N 2 for analysis of total C and N, and δ 13 C and δ 15 N. Isotope values were expressed in del (δ) notation, δ 13 C and δ 15 N, relative to standards (glycine for carbon and ethylenediaminetetraacetic acid (EDTA) for nitrogen) that had been calibrated against international standards . The precision in δ 13 C and δ 15 N analyses was ±0.2‰.
Results
Oceanographic conditions and larval distribution
Synoptic sea surface temperature images on both cruises revealed a front and separation of the EAC from the coast, near Point Plomer (Fig. 1 , Roughan and Middleton 2002) . Consequently a strong temperature gradient was evident off Diamond Head, with a horizontal difference of 1-2 • C in November and 3-4 • C in January. At the 50 m station, cooler water was evident at Diamond Head, with an elevation of isotherms by 40 m (Fig. 2) . Maximum currents were observed beyond the 100 m isobath off Smoky Cape of >1.5 m s −1 , but were <0.5 m s −1 near the 50 m station and sometimes even reversed to the north, off Diamond Head (Fig. 1 , Roughan and Middleton 2002) . Pilchard larvae were 10-fold more abundant in November than later in summer during January (Fig. 3a,b) . Overall, 2628 pilchard larvae were collected in November 1998 (over all nets and regions, approximately 24 larvae 100 m −3 ) and 143 larvae collected in January 1999 (overall approximately two larvae 100 m −3 ). During November we observed similar abundances in the neuston and subsurface nets, but comparisons across regions by ANOVA were confounded by non-homogeneity of variance. During November the average log concentration of larval pilchards was three-to 10-fold greater in the upwelling regions off Region 4 (Diamond Head) compared to Region 1 (Fig. 3a) , and in January there was no consistent alongshore pattern (Fig. 3b) .
The SL of larvae was unimodally distributed between 5 and 25 mm, with the average SL in November (14.8 mm, s.e. = 0.1) greater than in January (11.7 mm, s.e. = 0.2). There were no consistent trends in length between sampling gear (Fig. 3c,d) , with the exception of the subsurface net in November (Fig. 3c) . In both months the length distribution from Regions 1 and 3 to 4 or 5 was significantly shifted to the larger sizes (Fig. 3c,d , KS test, P < 0.01, except the subsurface net, November).
Otolith microstructure and growth
The pilchard otoliths had an average hatch check diameter of 11.6 µm, with two to four faint perinuclear increments before an established and definite pattern was evident (Fig. 4) . The average proportion of the marginal increment was almost 100% of the previous increment by early in the evening (20:00-21:00 hours, S. Uehara, unpublished data). This proportion declined during the night such that around 02:00 the average proportion was approximately 40%, consistent with daily increment formation.
A linear model adequately described the relationship between size and age, with a similar R 2 statistic between months, and a similar corrected R 2 statistic for the LairdGompertz model, calculated for November data only (Fig. 5, Table 2 ). There were insufficient older larvae in January to determine a non-linear fit. The linear growth curves were:
November 1998, SL = 4.224 + 0.625 × age (R 2 = 0.64, n = 215) and January 1999, SL = 0.551 + 0.976 × age (R 2 = 0.66, n = 110).
The slope of the linear regression for November (0.63 and 0.98 for January, Fig. 5 ) is similar to the range of daily growth estimated for larvae between 5 and 25 days old, from the Laird-Gompertz model for November (average: 0.64 mm day −1 , range: 0.45-0.72). The growth rate in January was over 33% greater compared with November (slopes were significantly different between months, ANCOVA, P < 0.001). A nearly identical result was obtained by restricting the ages to a common range for each month (<17 days). The correlation between size-atage and temperature and zooplankton (ln transformed), for Regions 1-5 over both months was not significant (r < 0.23, Table 3 ). . Non-linear relationship of standard length (SL, mm) on the maximum otolith radius (µm). The curves for the 2 months were slightly, but significantly different. The curve labelled O&Z96 is that for S. melanosticus, from Oozeki and Zenitani (1996) .
The larval length-otolith radius relationship (Fig. 6 ) could be described by the power functions:
where L is the SL (mm) and R is the maximum sagittal otolith radius (µm). The two months were significantly different using the linear log-log equivalent form of the power function, with a significantly greater intercept for the November 1998 data (ANCOVA, P < 0.001).
To assess our back-calculation, the average daily change in back-calculated SL of the two outer (recent growth, RG) increments ([RG 1 & 2] ÷ 2) for each daily age class was compared with the daily growth independently estimated from November's Laird-Gompertz model (Fig. 7) . In general, the two daily growth estimations were similar and declined with age.
As a function of size, the back-calculated growth for Days 1 and 2 pre-capture increased as a function of length or remained constant at approximately 1-2 mm growth (Fig. 8) . The growth for previous 2 days before capture exhibited significant differences in the slopes among regions, in both months (ANCOVA, P < 0.001, Table 3 ). In November the slope of the recent growth, as a function of length was significantly greater off Regions 1 and 3 than off the upwelling areas (Regions 4, 5, Table 3 , Fig. 8 ). In January, the slope was also significantly greater at Region 1, than at Regions 4 and 5 (Table 3 , Fig. 8 ). To interpret these differences among regions we compared the explanatory power (R 2 statistic) between theANCOVA model and a multiple regression model that did not include Region, but with water temperature and micro-zooplankton concentration. Temperature was not significantly correlated with recent growth in either month, and zooplankton was positive in November, but negative in January (Table 3) . The back-calculated recent growth in SL for Days 1 and 2 pre-capture (RG 1 & 2) was highly correlated with that calculated at Days 3 and 4 pre-capture (Table 4) . However, the correlation declined with increasing separation in time, such that RG 1 & 2 was less correlated with RG 7 & 8 (Table 4) .
Stable isotope composition and growth rate
There was no significant correlation between δ 13 C and length in either month, but there was between δ 15 N and length (Fig. 9 , r = 0.47, 0.52 over all regions in November and January respectively). The overall positive correlation was also apparent within each month and region combination (Fig. 9) . The size independent recent growth index (RGI = RG 1 & 2 ÷ ln(SL)) was significantly related to the stable isotope composition in November (Fig. 10a , RGI = 1.488 − 0.104 × δ 15 N, n = 69, P < 0.001, R 2 = 0.29, Fig. 10b , RGI = 2.300 + 0.096 × δ 13 C, n = 70, P < 0.001, R 2 = 0.21), such that faster growing pilchard larvae were depleted in δ 15 N and enriched in δ 13 C. There was no significant correlation in January.
In November, pilchard larvae from the pre-upwelled, EAC conditions off Regions 1 and 3 were significantly depleted in δ 15 N and enriched in δ 13 C, compared with those off the upwelling regions (i.e. Region 4, Fig. 11 , Tukey's test P < 0.05). In January, Region 1 was also significantly depleted in δ 15 N, while Regions 1 and 5 were significantly depleted in δ 13 C compared with Region 4 (Tukey's test, P < 0.05). Faster average recent growth for each region (shown as expanding symbols in Fig. 11 ) was associated with the depleted δ 15 N and enriched δ 13 C of the pre-upwelled EAC waters.
Discussion
Growth rates in different regions and months
Our yardstick for comparing the significance of upwelling on larval pilchards was the back-calculated growth over the previous two complete daily growth increments before capture. Our back-calculation seems to be a robust measure of recent growth, as shown by the two different back-calculation methods (Watanabe and Kuroki 1997; Vigliola et al. 2000) , and by the comparison with the daily growth rate from the Laird-Gompertz relationship. A 2-day response in growth (rather than some lag effect) is justified by the documented 2-3 days response of larval menhaden (Maillet and Checkley 1990) , and by the declining correlation of RG 1 & 2 with RG 3 & 4, RG 5 & 6 and RG 7 & 8 . However, the recent growth rate varied with larval size, such that we had to compare this regression slope among regions. The slope on both cruises was steeper in the northern, pre-upwelled waters of the EAC off the town of Urunga, than the southern upwelled waters off Diamond Head. The decline in slope was a result of the decline in the growth rate of larger pilchards (>10 mm) in upwelled water, rather than an increase in growth of smaller larvae. Thus, contrary to our expectations, we found that larger pilchard larvae grew significantly slower during the 2 days before capture in the upwelling regions (Regions 4 and 5), compared with those from the pre-upwelled waters. A clue to our surprising result may be found in the stable isotope signature, which showed that the slower growing larvae in the upwelled waters were comparatively enriched in δ 15 N and depleted in δ 13 C relative to those faster growing larvae from Regions 1 and 3 (Urunga and Point Plomer). Therefore, contrary to general expectations (e.g. Ware and Thomson 1991) , larval pilchard had a different diet in upwelled conditions that did not stimulate their growth. Nitrate is the hallmark of upwelled waters which are typically enriched in 15 N (4-6‰, Altabet and McCarthy 1986; Boutton 1991 ) and depleted in 13 C , consistent with the stable isotope composition of larvae from Regions 4 and 5.
The upwelled waters were slightly cooler by 0.5-1 • C (Syahailatua 2004), but water temperature was not a significant covariate in an expanded regression model of recent growth, for either cruise. Microzooplankton <100 µm abundance was significantly correlated with recent growth in November, but the data were unfortunately incomplete in November, compared to January when it was negatively correlated. Therefore, the cause of the slower shortterm growth is still unclear, and could involve turbulence, disruption of the thermocline by upwelling, or the quality or size structure of zooplankton. The significant regressions of the recent growth index on stable isotope ratios in November, show that the nutrient sources (diets) actually differed among regions and growth rates (rather than a purely physical difference such as turbulence). At the scale of months, the faster growing larvae in January was clearly a result of the 5-6 • C warmer water compared to November.
The allometric relationship of fish size-otolith size in the current study was not as marked as found for S. melanosticus (Oozeki and Zenitani 1996, Fig. 6 ). The cause could be because of possible genetic differences among stocks or subspecies, or a result of more rapid growth in the Kuroshio producing proportionally smaller otoliths. The effects of this non-linearity was addressed by Watanabe and Kuroki (1997) , who determined a novel non-linear back-calculation of recent growth based on the biological intercept method. We found identical back-calculations between this method and the modified Fry equation (Vigliola et al. 2000) , which was also consistent with the daily growth expected from the overall Laird-Gompertz growth model. The variance in RG 1 & 2 compared with the growth model (Fig. 7 ) was in part a result of the unequal representation of larvae, with ages from different regions.
Larval growth and early life history of pilchards
The slower growth of larval pilchard was perplexing, but may be interpreted in the light of Watanabe's (2002) explanation of the pilchard life history in the Kuroshio Extension (equivalent of the EAC's Tasman front). They too found slower growth inshore, but found enhanced growth offshore in the frontal waters of the Kuroshio Extension. Larval pilchards are advected away from the coast by the Kuroshio, where larvae grow and then migrate across the transition region to the northern summer feeding grounds off the island of Hokkaido (Watanabe 2002) . Adults then migrate south to spawn off Kyushu and Shikoku.
Slower growth by larval Sardinops nearshore was also observed off the coast of California (Logerwell and Smith 2001) . The present study used the extensive California Cooperative Fisheries Investigations data set to determine the location of 'survivors' habitat', where patches of ≥18 days old larvae were found, which corresponded to sea surface temperature images of mesoscale eddies in offshore regions. Sardinops eggs, chlorophyll biomass and zooplankton volume were the greatest inshore.
The lifecycle of the east coast pilchards could mirror that observed for the Kuroshio, with adults migrating north and spawning in coastal areas of northern NSW and southern Queensland in late winter (Ward et al. 2003) . Eggs and larvae are advected southwards by the EAC, some along the coast, but larval growth and survival is enhanced for those transported past the separation zone and east into the Tasman Front, where they grow and migrate back to the coastal summer feeding grounds near Jervis Bay (southern NSW). The tendency for larger larvae to be found at the southern end of the current study area is consistent with larval transport south, from the northern spawning areas. During our two cruises we did not continue to sample the front out into the Tasman Sea to test this hypothesis, although a recent cruise in September 2004 found pilchard larvae to be abundant and larger in the Tasman Front, east of 153 • E and 300 km from eastern Australia (I. M. Suthers, unpublished data).
The parameter estimates for the Laird-Gompertz model (Fig. 5) provide an average growth rate of 0.53 mm day −1 (10-25 days old), consistent with those calculated off Japan, California, South Africa, South America (as reviewed in Gaughan et al. 2001) , but double the larval growth found in the Leeuwin Current (Gaughan et al. 2001) . It is therefore possible that larval pilchard in the EAC are not food limited, in comparison with those from the Leeuwin Current.
Larval fish ecology of stable isotopes
Larval pilchards increased in δ 15 N with length, presumably as larvae consumed more higher trophic order plankton. A positive relationship between δ 15 N and size was demonstrated in larval anchovy (10-30 mm, Lindsay et al. 1998 ) and a negative relationship in larval smallmouth bass (4-15 mm, Vander Zanden et al. 1998) , as the larvae lose the maternal signature and select larger and isotopically different prey. A weak positive relationship between δ 13 C and size was reported in both these studies, and was observed in the current study as well. Therefore, the δ 15 N composition of larval fish can provide an index of assimilation, and contrast of tissue turnover v. growth (Vander Zanden et al. 1998; Bosley et al. 2002) , but the general utility is more suited to the pelagic-benthic transition in the early life history (e.g. Herzka et al. 2001) .
Considerable challenges remain in the use of stable isotopes in marine fish larvae, for the reconstruction of food webs and particularly the calibration of turnover and depuration of stable isotope signatures. The prey species' signatures are unknown, as obtaining sufficient quantities of nauplii or particular copepod species is difficult. Fractionation between diet and tissue composition is now recognised as being dietand species-specific, making it difficult to relate signatures to pelagic food chains without a laboratory calibration (Bosley et al. 2002) . For example two typical prey items, a copepod (Temora) and cladoceran (Penillia) exhibited a strong response in stable isotope composition to upwelling off the NSW coast, particularly in δ 13 C (S. Rutten, unpublished data). Rearing of larval pilchards, and sampling further out along the Tasman Front is needed to understand the conundrum posed by the present study: what conditions reduced the growth rate of larval pilchards in an upwelling zone?
The relationship between clupeid production and upwelling is not a simple one, and seems to be species-and locationspecific.
